In this study, we determined the complete nucleotide sequence of the mitochondrial genome of the Japanese pond frog Rana nigromaculata. The length of the sequence of the frog was 17,804 bp, though this was not absolute due to length variation caused by differing numbers of repetitive units in the control regions of individual frogs. The gene content, base composition, and codon usage of the Japanese pond frog conformed to those of typical vertebrate patterns. However, the comparison of gene organization between three amphibian species (Rana, Xenopus and caecilian) provided evidence that the gene arrangement of Rana differs by four tRNA gene positions from that of Xenopus or caecilian, a common gene arrangement in vertebrates. These gene rearrangements are presumed to have occurred by the tandem duplication of a gene region followed by multiple deletions of redundant genes. It is probable that the rearrangements start and end at tRNA genes involved in the initial production of a tandemly duplicated gene region. Putative secondary structures for the 22 tRNAs and the origin of the L-strand replication (OL) are described. Evolutionary relationships were estimated from the concatenated sequences of the 12 proteins encoded in the H-strand of mtDNA among 37 vertebrate species. A quartet-puzzling tree showed that three amphibian species form a monophyletic clade and that the caecilian is a sister group of the monophyletic Anura.
INTRODUCTION
Complete mitochondrial DNA (mtDNA) sequences have been determined for 56 vertebrate species, and partial sequences have been determined for hundreds of others to date (Boore, 1999) . The organization of the vertebrate mitochondrial genome is highly conserved and extremely compact. The genome is 16~20 kbp in length and contains genes for 22 tRNAs, 2 rRNAs, and 13 proteins. In addition, there is only one non-coding region that contains signals for the replication and transcription of the mitochondrial genome (Wolstenholme, 1992) .
Comparisons of mitochondrial systems are useful for modeling genome evolution and phylogenetic inference (Boore, 1999) . Many complex features are available for comparison: modes of replication and transcription; RNA processing; protein, tRNA, and rRNA secondary structures; genetic code variations; and the relative arrangements of genes. These features are currently more accessible for study in the much smaller and simpler mitochondrial genomes (Garesse et al., 1997) . In amphibians, the complete mtDNA sequences have been obtained in only two species, the clawed frog Xenopus laevis (Roe et al., 1985) and the caecilian Typhlonectes natans (Zardoya and Meyer, 2000) . Partial sequence data on gene arrangements have been published in several anuran species: Rana catesbeiana (Yoneyama, 1987; Fujii et al., 1988; Nagae, 1988) ; Rhacophorus taipeianus (Yang et al., 1994) ; Rana limnocharis (Macey et al., 1997) ; Rana pipiens (Feller and Hedges, 1998) ; Rana nigromaculata and Rana porosa (Sumida et al., 2000b) ; Rana boylii (Macey et al., 2001) . Examination of partial sequences from these Rana species mtDNAs suggests that frog mtDNA has a similar gene content but different genomic organization, and that several gene rearrangements have occurred in anurans.
In the present study, we described and analyzed the complete nucleotide sequence of the mitochondrial genome of the pond frog Rana nigromaculata (GenBank accession number AB043889). This pond frog species is widely distributed in Japan (Kyushu, Shikoku, and all of Honshu except the Kanto District up to the Sendai Plain), and outside of Japan (Korea, China, and the Amur basin of the former USSR). Furthermore, Rana nigromaculata has been used for many years as a typical and useful material in amphibian genetic researches (Sumida and Nishioka, 2000) . Extensive comparative studies were also carried out with complete mtDNA sequences of other amphibians, Xenopus laevis and Typhlonectes natans.
Furthermore, in studying phylogenetic relationships among tetrapods and early evolution of amniotes with the mtDNA sequences, data from amphibians are important as an outgroup of amniotes. However, the complete mtDNA genome data have been limited only to Xenopus laevis (African clawed toad) and Typhlonectes natans (caecilian). Since the phylogenetic inference depends on the species sampling (e.g., Adachi and Hasegawa, 1996c) , denser species sampling is desirable particularly from Amphibia, and therefore in this study we sequenced the complete mtDNA from Rana nigromaculata (Japanese pond frog).
MATERIALS AND METHODS
MtDNA sources. Japanese pond frog Rana nigromaculata was collected from Ushita, Hiroshima City, and mated in the laboratory to produce offspring. Mitochondrial DNA was extracted from the livers and ovaries of the offspring and purified by CsCl-EtBr density gradient centrifugation according to the method reported by Sumida (1997) . The frog sample used was frozen and stored at the Laboratory for Amphibian Biology, Hiroshima University.
Cloning. MtDNA of Rana nigromaculata was cleaved with several restriction enzymes (Sumida, 1997) . EcoR I yielded the most suitable fragments in size for cloning. Three EcoR I fragments of 8.8, 5.6, and 4.4 kbp, respectively, were cloned into pBluescript II SK(+) (Stratagene) and then subcloned into pUC19 (Toyobo). Deletion mutants were produced from subcloned plasmid using a TaKaRa Kilo-Sequence Deletion Kit as recommended by the manufacturer (TaKaRa). Cloned DNA was purified by the alkaline lysis method (Davis et al., 1986) for sequencing.
Sequencing and data analysis. Purified DNA was sequenced by the DyeDeoxy TM Terminator Cycle Sequencing method using a 373A DNA Sequencing System Ver. 1.2 (ABI). The various clones were sequenced from both strands using universal primers. Nucleotide sequences were analyzed using DNASIS (Ver. 3.2, Hitachi Software Engineering) and CLUSTALW (Thompson et al., 1994) . The nucleotide sequences are shown as the L-strand from the 5' to 3' end. The complete mtDNA sequence of Rana nigromaculata was deposited in the DDBJ, EMBL, and GenBank databases accession number AB043889.
Sequence Data. The complete mtDNA sequences used in the phylogenetic analyses are from the following 37 species: Rana nigromaculata (Japanese pond frog; database accession number AB043889; this work); Xenopus laevis (African clawed toad; M10217; Roe et al., 1985) ; Typhlonectes natans (caecilian; AF154051; Zardoya and Meyer, 2000) ; Gallus gallus (chicken; X52392; Desjardins and Morais, 1990) ; Aythya americana (redhead duck; AF090337; Mindell et al., 1999) ; Rhea americana (greater rhea; AF090339: Mindell et al., 1999) ; Struthio camelus (ostrich; Y12025; Härlid et al., 1997) ; Alligator mississippiensis (alligator; AF069428: Mindell et al., unpublished) ; Eumeces egregius lividus (blue-tailed mole skink; AB016606; Kumazawa and Nishida, 1999) ; Chrysemys picta (painted turtle; AF069423; Kumazawa and Nishida, 1999) ; Chelonia mydas (green turtle; AB012104; Kumazawa and Nishida, 1999) : Phoca vitulina (harbor seal; X63726; Arnason and Johnsson, 1992) ; Canis familiaris (dog; U96639; Kim et al., 1998) ; Felis catus (cat; U20753; Lopez et al., 1996) ; Equus caballus (horse; X79547; Xu and Arnason, 1994) ; Ceratotherium simum (white rhinoceros; Y07726; Xu and Arnason, 1997) ; Rhinoceros unicornis (Indian rhinoceros; X97336; Xu et al., 1996) ; Sus scrofa (pig; AJ002189; Ursing and Arnason, 1998) ; Bos taurus (cow; J01394; Anderson et al., 1982) ; Hippopotamus amphibius (hippopotamus; AJ010957; Ursing and Arnason, unpublished) ; Balaenoptera physalus (fin whale; X61145; Arnason et al., 1991) ; Artibeus jamaicensis (Jamaican fruit-eating bat; AF061340; Pumo et al., 1998) ; Pteropus dasymallus (Ryukyu flying fox; AB042770; Nikaido et al., 2000) ; Talpa europaea (European mole; Y19192; Mouchaty et al., 2000) ; Rattus norvegicus (rat; X14848; ; Mus musculus (mouse; J01420; Bibb et al., 1981) ; Macropus robustus (wallaroo; Y10524; Janke et al., 1997) ; Didelphis virginiana (opossum; Z29573; Janke et al., 1994) ; Ornithorhynchus anatinus (platypus; X83427; Janke et al., 1996) ; Protopterus dolloi (lungfish; L42813; Zardoya and Meyer, 1996) ; Latimeria chalumnae (coelacanth; U82228; Zardoya and Meyer, 1997) ; Cyprinus carpio (carp; X61010; Chang et al., 1994) ; Crossostoma lacustre (loach; M91245; Tzeng et al., 1992) ; Oncorhynchus mykiss (trout; L29771; Zardoya et al., 1995) ; Mustelus manazo (gummy shark; AB015962; Cao et al., 1998); Squalus acanthias (spiny dogfish; Y18134; Rasmussen and Arnason, 1999a) ; Raja radiata (Thorny skate; AF106038; Rasmussen and Arnason, 1999b) . The three Chondrichthyes species (shark and skate) were used as an outgroup to root the tree. We did not use the snake, hedgehog and primates sequences because of their extremely rapid evolutionary rates, and sequences from several birds and fishes which might complicate the problem because of the uncertain relationships within respective groups. The concatenated sequences of the 12 proteins encoded in the H-strand of mtDNA were prepared for phylogenetic analyses. Alignments were carefully checked by eye, and all positions with gaps or ambiguous alignment and overlapping regions between ATP6 and ATP8 and between ND4 and ND4L were excluded from the analyses. The Fig. 1 . Organization in the mitochondrial genome of Rana nigromaculata. Each tRNA gene (hatched areas) is identified by the single-letter amino acid code, with polarity given by the arrows. All protein-coding genes are H-strand-encoded (with counterclock-wise polarity), with exception of ND6, which is Lstrand-encoded, as indicated. OH and OL represent the replication origins of H-and L-strands, respectively. total number of remaining codons is 3243.
Phylogenetic methods. We used the maximum likelihood (ML) method in the phylogenetic analysis. The ProtML program in the MOLPHY package (Ver. 2.3) (Adachi and Hasegawa, 1996b) , the CodeML program in the PAML package (Yang, 1997) , and the TREE-PUZZLE (quartet-puzzling method; Strimmer and von Haeseler, 1996) were applied to the mitochondrial protein sequences with the mtREV-F model (Adachi and Hasegawa, 1996a) . In using the CodeML and TREE-PUZZLE programs, the discrete Γ distribution model (with 8 categories) for the site-heterogeneity was used (Yang, 1996) . SE of log-likelihood difference between trees was estimated by the formula of Kishino and Hasegawa (1989) . Since the evolutionary rate of mitochondrial proteins is very heterogeneous among different lineages of vertebrates (e.g., , we did not use the parsimony method that is known to give misleading results in such a case (Felsenstein, 1978) .
RESULTS AND DISCUSSION
Gene content and gene arrangement. The complete L-strand nucleotide sequence of the mitochondrial genome of the Japanese pond frog Rana nigromaculata was determined. The length of the sequence of the frog was 17,804 bp, but this was not an absolute figure due to length variation caused by differing numbers of repetitive units in the control regions of individual frogs. The pond frog examined in the present study had a 2425-bp-long non-coding D-loop region that included a large repeat segment (757 bp) with 46 copies of tandem repeat sequences and several short regulatory elements (Table 1) . The major tandem repeat unit was a 16-bp sequence, and all repeats had similar sequences. The repetitive segment (757 bp) consisted of 40 copies of a 16-bp sequence, 3 copies of a 22-bp sequence, and 3 copies of a 17-bp sequence. The same types of large repetitive segments (600 bp ~ 1200 bp) have been reported in the sibling species R. porosa (Sumida et al., 2000b) . Differences in the numbers of copies of tandem repeats caused large length variations in the D-loop regions of individual Japanese pond frogs within the R. nigromaculata group (Sumida et al., 2000b) .
The pond frog mitochondrial genome contained 13 protein-coding genes (except for ND6, all other 12 genes were encoded by the H-strand), 2 rRNA genes (12S and 16S rRNA, both on the H-strand), and 22 tRNA genes (14 on the H-strand and 8 on the L-strand) (Table 1, Fig. 1 ). The gene content was identical to the gene contents so far obtained in all other vertebrates investigated. However, the gene arrangement differed from that of Xenopus laevis or Typhlonectes natans, a commonly noted arrangement in other vertebrates, in the positioning of four tRNA genes i.e., tRNA-Leu (CUN), tRNA-Thr, tRNA-Pro, and tRNAPhe genes (Fig. 2) . Although vertebrate mitochondrial gene order is highly conserved, three types of deviations from the most common gene arrangement have been identified (Macey et al., 1997) . These are duplication of genes Brown, 1986, 1987) , rearrangement of genes (Lee and Kocher, 1995; Yoneyama, 1987; Pääbo et al., 1991; Janke et al., 1994; Morais, 1990, 1991; Quinn and Wilson, 1993; Kumazawa and Nishida, 1995; Miya and Nishida, 1999; Inoue et al., 2001) , and loss of OL between the tRNA-Asp gene and the tRNA-Cys gene (Kumazawa and Nishida, 1995) . The complete sequence of the mitochondrial DNA genome has been determined in only two species Xenopus laevis (Roe et al., 1985) and Typhlonectes natans (Zardoya and Meyer, 2000) among amphibians, whereas partial sequences including multiple gene region of the mtDNA genome have been reported in several amphibian species (Yoneyama, 1987; Yang et al., 1994; Shaffer and McKnight, 1996; Macey et al., 1997; Feller and Hedges, 1998; Sumida et al., 1998 Sumida et al., , 2000a Macey et al., 2001) . Xenopus shares the conserved vertebrate gene order, whereas several Rana species include gene rearrangements in partial sequences between the control region and the 12S rRNA gene (Sumida et al., 2000b) . The present study showed the whole aspects of the mitochondrial gene rearrangements in the Japanese pond frog R. nigromaculata. Mitochondrial gene rearrangements of this species include four tRNA genes (tRNA-Leu (CUN), tRNA-Thr, tRNA-Pro, tRNA-Phe) in total (Fig. 2) . These rearrangements are postulated to have occurred by the tandem duplication of a gene region from the tRNA-Leu (CUN) gene to the tRNA-Phe gene fol- Fig. 3 . A model for gene reorganization in the mtDNA genomes of R. nigromaculata and X. laevis (Roe et al., 1985) . After tandem duplication of a gene region is produced, multiple deletions of redundant genes occur. The gene order of Xenopus is same as vertebrate's general one. (Roe et al., 1985) . Protein genes are designated using the abbreviations given in the text. Transfer RNA genes are indicated by the single-letter abbreviations.
lowed by multiple deletions of redundant genes (Fig. 3) . The rearrangements probably start and end at tRNA genes involved in the initial production of a tandemly duplicated gene region. Some common patterns emerge among the gene rearrangements known in vertebrates (Macey et al., 1997) . In general, gene rearrangements are proposed to occur by tandem duplication of gene regions as a result of slipped-strand mispairing followed by deletion of genes Brown, 1986, 1987; Levinson and Gutman, 1987; Pääbo et al., 1991) . A mechanism utilizing stem-and-loop structures during replication may be responsible for tandemly duplicated gene regions (Macey et al., 1997) . Stem-and-loop structures have been identified at both ends of tandemly duplicated gene regions (Stanton et al., 1994) . The stemand-loop structures of tRNA genes resemble the two replication origins in vertebrates, and all known vertebrate gene rearrangements involve genes for tRNAs with stem-and-loop structures (Macey et al., 1997) . The phenomenon of a high frequency of tRNA genes involved in rearrangement has been noted both in invertebrates (Brown, 1985; Wolstenholme and Clary, 1985; Cantatore et al., 1989; and vertebrates Brown, 1986, 1987; Stanton et al., 1994; Miya and Nishida, 1999) . It is evident that tRNA genes are responsible for gene rearrangements in the Japanese pond frog R. nigromaculata. The prospect that gene arrangements are variable in the process of amphibian evolution sug- gests that gene arrangements may be useful and malleable for amphibian phylogenetic inference. Recently, the complete nucleotide sequence of the mitochondrial genome of the caecilian Typhlonectes natans was determined (Zardoya and Meyer, 2000) . The organization of genes and non-coding region of the caecilian mitochondrial genome is identical to those of many other vertebrates. It will be necessary to determine the complete mitochondrial gene arrangements of other amphibian species to realize the evolutionary significance of gene rearrangements.
Base composition. The overall base composition of the L-strand was: A, 27.3%; G, 15.0%; C, 28.1%; and T, 29.6% ( Table 2 ). As in Xenopus and caecilian mitochondrial genomes, guanine (G) was the rarest nucleotide, but the other three nucleotides (A, C, and T) had almost the same content. A more detailed analysis of the base composition was performed by separately considering the rRNA, tRNA, and protein-encoding genes (Table 2 ). In pond frog protein-encoding genes, there was an anti-G bias in the third codon positions, and pyrimidines were overpresented in the second codon positions, just as has been noted in Xenopus and caecilian. The pond frog tRNA genes were A+T rich (55.8%), whereas the rRNA genes had a high adenine content (Table 2 ). The D-loop region showed an A+T bias (65.4%) as in Xenopus (72.7%) and caecilian (59.5%).
Protein-encoding genes. (a) Codon usage. The pattern of codon usage and the amino acid assignment in the 13 protein-encoding genes of the Japanese pond frog Rana nigromaculata were similar to those of Xenopus laevis (Table 3) . A total of 3,756 amino acids were encoded by the pond frog mitochondrial genome. The patterns of codon usage in pond frog mtDNA were different from those in Xenopus only in UUA, CUC, UCA, GCC, and GGA (Table 3) . As in Xenopus and caecilian, the most abundant amino acid residue encoded by pond frog mitochondrial genome was leucine, whereas the rarest was cysteine (Table 3 ). All pond frog mitochondrial protein-coding genes started with an ATG codon except the ND2, ND5, and COI genes, which started with ATT, ATA, and ATA, respectively (Table 4) . This initiation ATG codon was also found in all 13 protein-encoding genes of Xenopus laevis and 11 protein-coding genes of caecilian (Table 4 ). Three protein-encoding genes of R. nigromaculata terminated with TAA, 2 ended with TAG, 1 ended with AGA, and each of the other 7 had an incomplete stop codon, a single stop nucleotide T, where the post-transcriptional polyadenylation could produce a TAA stop codon (Tables 3 and 4) . In Xenopus laevis, 4 proteinencoding genes terminated with TAA, 3 with TAG, 1 with AGA, and 5 with an incomplete stop codon, a single stop nucleotide T (Tables 3 and 4 Table  5 ). The percent nucleotide sequence similarities depended on the genes. The COI, COIII and Cyt b genes were the most conservative (70.8~77.9% in similarity), whereas the ND4, ND4L, ND5, ND6 and ATP8 genes were the most divergent (51.5~59.3% in similarity) ( Table 5) . As in the nucleotide sequences, the amino acid sequences of all 13 protein-encoding genes of Rana nigromaculata showed almost the same or a little greater similarities to those of Xenopus laevis (40.9~89.9%, 63.9% on average) than to those of caecilian (37.5~85.9%, 59.9% on average) ( Table 4 ). The amino acid sequence similarities also depended on the genes. COI, COIII and Cyt b were the most conservative (78.4~89.9% in similarity), whereas ND4, ND4L, ND6 and ATP8 were the most di- Roe et al. (1985) . b Data from Zardoya and Meyer (2000) . The numbers in parentheses indicate the number of TAA termination codons which are generated through post-transcriptional polyadenylation. Roe et al. (1985) . b Data from Zardoya and Meyer (2000) . Roe et al. (1985) . b Data from Zardoya and Meyer (2000) . c Ts, Tv and Gp represent the numbers of transitions, vergent (37.5~47.5% in similarity) (Table 4) .
Ribosomal RNA genes. Transfer RNA genes. (a) Proposed secondary structures for tRNA genes. All pond frog tRNAs except tRNA Ser (AGY) could be folded into the canonical cloverleaf secondary structure depicted in Fig. 4 . The sequences in this structure corresponding in position to the anticodons were identical to those in Xenopus and caecilian. As in other vertebrates, folding of the tRNA sequences required the formation of G+T and other atypical pairings. In the frog tRNA-Ser (AGY), a complete DHU arm was missing, and the unpaired replacement for the DHU arm was included, as is typical of metazoa mtDNAs. Proposed secondary structure of OL sequence. The origin of light-strand replication (OL) was located in a cluster of 5 tRNA genes ( Fig. 1) and took up 31 nucleotides in length. This region had the potential to fold in a stemloop secondary structure with a stem formed by nine paired nucleotides and a loop of 13 nucleotides (Fig.  5) . The 5'-GCCGG-3' motif involved in the transition from RNA to DNA synthesis (Hixson et al., 1986) was entirely conserved in the pond frog, Xenopus and human mtDNAs, both in its sequence and its location (at the base of the stem), within the tRNA-Cys gene (Fig. 5) . The (Roe et al., 1985) and human (Anderson et al., 1981) . Nucleotide sequences of the H-strand template are shown. The sequence associated to the transition of RNA synthesis to DNA synthesis is indicated by a box.
stem sequence of OL was highly conserved among vertebrate mtDNAs, whereas the loop sequence was more variable (Fig. 5) .
Phylogenetic Analyses.
With a large number of species as in our data set (37 species), it is impossible to examine all the possible tree topologies with the ML method because of the explosive increase of the number of possible topologies. The quartet-puzzling (Strimmer and von Haeseler, 1996) implemented in the TREE-PUZZLE program is an approximate method which can partially overcome the difficulty of this topology search problem. Figure 6 shows the result of a quartet-puzzling analysis applied to the concatenated 12 mitochondrial protein sequences with the mtREV + Γ model (Adachi and Hasegawa, 1996a; Yang, 1996) . The followings can be noted in this tree; 1) Although the three amphibian species form a monophyletic clade and the caecilian is a sister-group of the monophyletic Anura consistently with the well established tree, the support values for these relationships are not very high. Particularly, the support value for the monophyletic Anura with respect to caecilian is only 66%. Table 7 gives comparison among the three possible relationships among Rana, Xenopus and Typhlonectes, and again shows that the Anura monophyly tree has a log-likelihood value higher than the Anura paraphyly trees only by non-significant amounts when based on the realistic model with Γ for the site-heterogeneity. With a more unrealistic model without Γ, the paraphyletic Anura Tree-2 has even higher log-likelihood than Tree-1, although again not significantly (data not shown). These results suggest that, even though Tree-1 is real, the divergence between Rana and Xenopus occurred soon after Anura diverged from caecilian.
2) The sister-group status of mammals to other groups of Amniota was supported (91% support value) consistently with by the previous analyses (e.g., Kumazawa and Nishida, 1999) . 3) Although closer relationship of turtles to archosaurs (birds + crocodilians) than either is to squamates (lizards and snakes) is suggested consistently with the recent molecular phylogenetic works Kumazawa and Nishida, 1999; Hedges and Poling, 1999) , the relationship among turtles, birds, and crocodilians remained ambiguous as in Cao et al. (2000) . The support value for the unorthodox grouping of turtles with birds is only 50%. The failure to resolve the branching order among birds, crocodilians, and turtles might indicate that divergences for these three lineages occurred successively in a short time period . 4) The sister-group relationship of lungfish to tetrapods was supported with a high support value (95%; Cao et al., 1998; . The present study showed that the three amphibian species (Rana, Xenopus and caecilian) formed a monophyletic clade by 74% quartet puzzling value, and that a monophyly of two anuran species was also supported, although the support value was only 66%. The comparison among the three possible relationships among Rana, Xenopus and caecilian suggested that the divergence between Rana and Xenopus occurred soon after Anura diverged from caecilian, although the phylogenetic relationships of Caudata were unresolved because of no data of complete mtDNA sequences of salamanders. The other mitochondrial DNA evidences based on two rRNA gene sequences also supported the monophyly of living amphibians including Caudata, however, the separation of the different lineages of living orders of amphibians (i.e., Anura, Caudata, and Gymnophiona) apparently took place within a narrow window of time (Wake, 1997; Zardoya and Meyer, 2000) . Hereafter, the phylogenetic relationships among all the Fig. 6 . A quartet-puzzling tree for the concatenated 12 mitochondrial proteins obtained by using the TREE-PUZZLE program ver.4 (Strimmer and von Haeseler, 1999) . The values on the internal branches are the quartet puzzling values. The optimal alpha parameter of the Γ model (0.41) was used. Table 7 . Comparison of log-likelihood scores among the monophyletic Anura (Tree-1) and the paraphyletic Anura trees (Trees-2 and 3) for the concatenated 12 mitochondrial proteins (±: 1SE) by the CodeML program in PAML (Yang, 1997) with the mtREV-F +Γ model. The optimal alpha parameter of the Γ model (0.42) was used. The log-likelihood scores of the ML tree is given in angle brackets. SE of the log-likelihood difference from the ML tree was estimated by Kishino and Hasegawa's (1989) formula. Bootstrap proportions (BP) were estimated by the RELL method (Kishino et al., 1990 ) with 10,000 replications. The 37 species as in Fig. 6 were used, and the relationships within the outgroup were assumed as in Fig. 6 except for the trifurcation among turtles, birds, and crocodilians. living amphibian orders will be furthermore elucidated by the completion of the nucleotide sequences of Caudata mitochondrial genome.
Amino acid composition. The chi-square test which compares the amino acid composition of each sequence to the average composition of the data set analyzed in this work shows that Rana, Didelphis, Rhea, and the three rayfinned fishes have significantly different amino acid compositions from the average (5% level; data not shown). Different amino acid composition of Rana might have caused the ML analysis without Γ gave such a bizarre like Tree-2, but adoption of a more realistic model with Γ seem to have helped in recovering a putatively correct Tree-1, although the improvement of the model is not directly relevant to the different amino acid composition. This is similar to the situation encountered by Nikaido et al. (2001) , in which the hedgehog-basal tree of eutherians (hedgehog is located far from other eulipotyphlan species such as moles and shrews which were estimated to be close to bats) was supported very strongly without Γ, while the hedgehog-Eulipotypha tree has almost indistinguishable log-likelihood value as the hedgehog-basal tree with the Γ model. In this case, amino acid composition of hedgehog is quite different from others.
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